Featured Application: This work could initiate a cutting-edge technology that exploits dual applicability of LEDs, i.e., not only for the classical purpose as a luminary, but also for medical radiation detection (diagnostic x-rays).
. Typical materials and emission wavelengths of light-emitting diodes.
Materials Emission Wavelength
InGaN/GaN, ZnS 450-530 nm GaP: N 565 nm AlInGaP 590-620 nm GaAsP, GaAsP: N 610-650 nm InGaP 660-680 nm AlGaAs, GaAs 680-860 nm InGaAsP 1000-1700 nm Source: The Encyclopedia of Laser Physics and Technology [40] . Note: In = indium, Ga = gallium, N = nitride, Zn = zinc, S = sulphide, P = phosphide, Al = aluminum, As = arsenide.
Our experiments were executed using LED strips (12V DC SMD 5050) of five emission colors: cold white, warm white, red, green, and blue. The emission wavelength range for both the cold white and warm white LED strips was~380-750 nm. Red, green, and blue LED strip emission wavelength ranges were~630-640, 520-530, and 430-470 nm respectively. LED strips are manufactured by soldering discrete LED chips on a conducting strip. This strip comprises other electronic components such as resistors. In our study, this strip was 1 cm wide, 0.2 cm thick, 500 cm long, and it consisted of 60 LED chips per meter, hence 5 m had 300 LED chips. On the strip, each LED chip was positioned at a 12 mm interval and its active area was of a diameter of approximately 4 mm. The strip was also cuttable at a junction of every three chips and its base was self-adhesive. As a luminary, the strip operated under a 12-volt potential difference across its terminals. Such an LED strip is called an SMD (Figure 1 ).
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Our experiments were executed using LED strips (12V DC SMD 5050) of five emission colors: cold white, warm white, red, green, and blue. The emission wavelength range for both the cold white and warm white LED strips was ~380-750 nm. Red, green, and blue LED strip emission wavelength ranges were ~630-640, 520-530, and 430-470 nm respectively. LED strips are manufactured by soldering discrete LED chips on a conducting strip. This strip comprises other electronic components such as resistors. In our study, this strip was 1 cm wide, 0.2 cm thick, 500 cm long, and it consisted of 60 LED chips per meter, hence 5 m had 300 LED chips. On the strip, each LED chip was positioned at a 12 mm interval and its active area was of a diameter of approximately 4 mm. The strip was also cuttable at a junction of every three chips and its base was self-adhesive. As a luminary, the strip operated under a 12-volt potential difference across its terminals. Such an LED strip is called an SMD (Figure 1 ). In this experiment, the LED strips were exposed to x-ray beams from an x-ray generator (Optimus 80, Philips). The beams originated from a broad focal spot (1.0 mm) and were perpendicularly incident on all LED chip sensitive areas and the dosimeter probe. The x-ray generator is controlled by microprocessors and consists of a control panel, a high voltage generator, and an automatic exposure control (AEC) device. All these generator components are housed in a standard casing. The generator's non-AEC setting ranges for radiography are as follows: tube In this experiment, the LED strips were exposed to x-ray beams from an x-ray generator (Optimus 80, Philips). The beams originated from a broad focal spot (1.0 mm) and were perpendicularly incident on all LED chip sensitive areas and the dosimeter probe. The x-ray generator is controlled by microprocessors and consists of a control panel, a high voltage generator, and an automatic exposure control (AEC) device. All these generator components are housed in a standard casing. The generator's non-AEC setting ranges for radiography are as follows: tube voltage (kVp), 40-150 kV; tube current, 1-1100 mA; tube current-time product (mAs), 0.5-850 mAs; and exposure time range, 1-6000 ms.
Exposure of the LED chips to x-ray photons instantly resulted in a radiation-induced current flow in the strips. A multimeter connected to the strips measured the potential difference, a result of the radiation-induced current flow. Therefore, in our study, the obtained signal was referred to as a current-voltage (C-V) signal. The multimeter used in this study was a handheld and multi-functional digital multimeter/oscilloscope (Model JDS2012A, Jinhan Company: Hefei, Anhui, China). This model has a single channel and functions as both a digital oscilloscope (with a 200 MSa/s maximum sampling rate and bandwidth 20MHz) and as a multimeter (4000 counts). It can measure DC/AC voltages, resistance, and capacitance, and it can test diodes and continuity.
The dose of the x-rays incident on the LED strip was recorded using an easy-to-use pocket-sized radiation dosimeter (Unfors Xi, RaySafe). This dosimeter consists of two parts-a base unit which displays all measured parameters in three rows of alphanumeric characters, and a sensitive detector/probe which is capable of measuring kVp, dose, dose rate, pulses, dose per pulse, time, and waveforms for all x-ray machines. The dosimeter probe and strip were placed adjacent to the x-ray beam's central axis and perpendicularly irradiated while on top of two polystyrene blocks as seen in Figure 2 . Because the x-ray tube has a pre-collimator copper filter, the x-ray beam was considered to be homogenous. Therefore, the x-ray photons incident on both the dosimeter probe and LED strips were of identical average energies.
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Irradiation and Exposure Settings
While the x-ray generator was in the non-AEC mode, the strips were irradiated in three exposure sets. In each exposure set, only one of the kVp, mAs, and surface-image-distance (SID) parameters was varied as shown in Table 2 . The kVp, mAs and SID values are x-ray tube parameter settings usually adjusted to acquire an optimum quality of radiographs in diagnostic radiology, while ensuring minimum radiation exposure to patients. Kilovoltage peak (kVp) is a high voltage (in kV) applied between the anode and the cathode of the tube to accelerate electrons. The kVp value is directly proportional to the energy of the x-ray photons in the beam [41] . Milliamperage second (mAs) is a small current (mA) and time (s) product. Milliamperage is the low current (in mA) that flows in the tube's tungsten cathode filament and hence consists in thermionically emitting electrons [42] . The time (s) is the x-ray beam exposure time. The mAs value is therefore directly proportional 
While the x-ray generator was in the non-AEC mode, the strips were irradiated in three exposure sets. In each exposure set, only one of the kVp, mAs, and surface-image-distance (SID) parameters was varied as shown in Table 2 . The kVp, mAs and SID values are x-ray tube parameter settings usually adjusted to acquire an optimum quality of radiographs in diagnostic radiology, while ensuring minimum radiation exposure to patients. Kilovoltage peak (kVp) is a high voltage (in kV) applied between the anode and the cathode of the tube to accelerate electrons. The kVp value is directly proportional to the energy of the x-ray photons in the beam [41] . Milliamperage second (mAs) is a small current (mA) and time (s) product. Milliamperage is the low current (in mA) that flows in the tube's tungsten cathode filament and hence consists in thermionically emitting electrons [42] . The time (s) is the x-ray beam exposure time. The mAs value is therefore directly proportional to the number of x-ray photons in the x-ray beam. Source-to-image distance (SID) is the distance between the image receptor (detector) and the tube's x-ray source point. The SID is inversely proportional to the radiation exposure of the dosimeter probe/strips-if the kVp and mAs are kept constant i.e., shorter SIDs imply more exposure of the dosimeter probe/strips to radiation, and longer SIDs imply less exposure. In our study, the kVp, mAs, and SID parameter settings (values) for each exposure were referenced from Sezdi's work [43] . 5  60  10  70  10  60  11  70  20  60  12  70  25  60  13  70  50  60  14  70  85  60  15  70  100  60  16  70  125  60  17  70  150  60  18  70  200  60  19  70  250  60 Source-to-image distance (SID)   20  70  50  30  21  70  50  45  22  70  50  60  23  70  50  75  24  70  50  90  25  70  50  95  26  70  50  100 Note: Three measurements were collected for each setting. For assessment of degradation after 1-2 months, the 12 varied mAs were used. For each LED strip color, the total number of data for the C-V signal and dose was 114 (26 × 3 + 12 × 3). In the reproducibility study, the same procedures were repeated with extra settings of 12 varied mAs with a fixed SID of 30. Therefore, the total number of data for the C-V signal and dose was 150
In the first exposure set, the mAs and SID were constant at 50 and 60 cm respectively. Readings were then obtained when the tube voltage was varied from 40 to 117 kVp. Similarly, in the second exposure set, the kVp and SID values were constant at 70 and 60 cm respectively. Readings were then taken when the tube current-time product was adjusted from 0.5 to 250 mAs. In the last exposure set, while maintaining the mAs and kVp at 50 and 70 respectively, readings were taken when the SID range was 30-100 cm, as illustrated in Table 2 .
Results and Discussion

C-V Response to kVp
Generally, the LED strip signal C-V response to kVp fluctuated across all the LED strip colors. For the cold white, warm white, and red LED strip colors, signal increments of 0.1, 0.1 and 0.3 mV were observed when the kVp was increased from 40 to 117. On the contrary, the blue LED strip's signal decreases from 0.3 mV at a kVp of 40 to 0.1mV at the kVp of 117. Although the green LED strip signal initially increases by 0.3 mV as the kVp is increased from 40 to 80, it decreases to 0 when the kVp is further increased to 117-as seen in Figure 3 .
Results and Discussion
C-V Response to kVp
Generally, the LED strip signal C-V response to kVp fluctuated across all the LED strip colors. For the cold white, warm white, and red LED strip colors, signal increments of 0.1, 0.1 and 0.3 mV were observed when the kVp was increased from 40 to 117. On the contrary, the blue LED strip's signal decreases from 0.3 mV at a kVp of 40 to 0.1mV at the kVp of 117. Although the green LED strip signal initially increases by 0.3 mV as the kVp is increased from 40 to 80, it decreases to 0 when the kVp is further increased to 117-as seen in Figure 3 . EM radiation such as light is a wave and a particle simultaneously. When radiation is incident on a PN junction, interactions between radiation photons and PN junction particles/electrons occur. These interaction mechanisms include photoelectric effect, Compton scattering, pair production, coherent scattering, and bremsstrahlung radiation emission. However, the incident photon energy dictates the interaction mechanism, for instance, energies < 100 keV give rise to the photoelectric effect, energies from 100 keV to 10 MeV produce Compton scattering, and energies > 1 MeV cause pair production [44] . For low energy photons, the photoelectric effect is dominant whereas Compton scattering is dominant for high-energy photons [45, 46] . Low energy photons could also stimulate coherent scattering and this occurs when the incident photon energies are less than 10 keV [47, 48] . However, coherent scattering takes place in high atomic number elements [48] . Because semiconductor PN junctions are not made of high atomic number elements, coherent scattering would be non-existent in the LED strip's structure.
Electron-hole combinations in LED strips are as a result of mainly the photoelectric effect and Compton scattering. This simultaneous contribution of the photoelectric effect and Compton scattering to radiation-induced current could be a possible explanation for the inconsistent graphs in Figure 3 ; kVp alters the energy of the incident photons [41] . In other words, kVp changes the beam quality similar to the half-value layer (HVL) [49] . Additionally, post-Compton scattering photons EM radiation such as light is a wave and a particle simultaneously. When radiation is incident on a PN junction, interactions between radiation photons and PN junction particles/electrons occur. These interaction mechanisms include photoelectric effect, Compton scattering, pair production, coherent scattering, and bremsstrahlung radiation emission. However, the incident photon energy dictates the interaction mechanism, for instance, energies < 100 keV give rise to the photoelectric effect, energies from 100 keV to 10 MeV produce Compton scattering, and energies > 1 MeV cause pair production [44] . For low energy photons, the photoelectric effect is dominant whereas Compton scattering is dominant for high-energy photons [45, 46] . Low energy photons could also stimulate coherent scattering and this occurs when the incident photon energies are less than 10 keV [47, 48] . However, coherent scattering takes place in high atomic number elements [48] . Because semiconductor PN junctions are not made of high atomic number elements, coherent scattering would be non-existent in the LED strip's structure.
Electron-hole combinations in LED strips are as a result of mainly the photoelectric effect and Compton scattering. This simultaneous contribution of the photoelectric effect and Compton scattering to radiation-induced current could be a possible explanation for the inconsistent graphs in Figure 3 ; kVp alters the energy of the incident photons [41] . In other words, kVp changes the beam quality similar to the half-value layer (HVL) [49] . Additionally, post-Compton scattering photons could similarly excite electrons in the form of impact ionization [50] . In Oliveira's study [6] , photodiode signals of four different brands were also inconsistent when the incident photon energy was varied [6] .
Modification of LEDs to emit colored light involves altering the structural composition of LEDs. For instance, phosphors could be added. Even though identical x-ray photons are considered to be striking all the LED strips, the different graphs observed in Figure 3 -across all the LED strips-could also be a result of the variation in the material composition of the strips. X-ray tube beam filters ensure beam homogeneity by blocking low energy photons (scattered photons), and allowing photons surpassing a specific level of energy to pass through. Nonetheless, photons in an x-ray beam could still be heterogeneous. This could also be a possible explanation for the fluctuated LED strip C-V response observed in Figure 3 .
C-V Response to mAs
In general, for all the strips used in this study, the C-V signal was linear to mAs variation. The green C-V signal data points were very close to the linear fit hence had the highest R-squared value-0.9784. The R-squared values for the cold white, warm white, red, and blue were 0.9673, 0.6199, 0.9775, and 0.8282 respectively, as observed in Figure 4 . Higher R-square values implied higher conformity of the signal data points to the linear fit. This further indicated that the signal linearly increased as the mAs was increased. The magnitude and rate at which the signal increases is however depicted by the linear fit's slope. The slopes for the cold white, warm white, red, green, and blue C-V graphs were 0.0015, 0.0004, 0.0022, 0.0015, and 0.0011 respectively. The red LED strip had the highest signal increment per unit mAs, i.e., 0.0022 mV per unit increase in mAs. Conversely, the warm white had the lowest signal increment per unit mAs, i.e., 0.0004 mV per unit increase in mAs. In all LED strip colors tested, a threshold effect was observed for all tube current values below 20 mAs. No signal is observed for these tube current-time product values (as illustrated in Figure 4 ).
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In general, for all the strips used in this study, the C-V signal was linear to mAs variation. The green C-V signal data points were very close to the linear fit hence had the highest R-squared value-0.9784. The R-squared values for the cold white, warm white, red, and blue were 0.9673, 0.6199, 0.9775, and 0.8282 respectively, as observed in Figure 4 . Higher R-square values implied higher conformity of the signal data points to the linear fit. This further indicated that the signal linearly increased as the mAs was increased. The magnitude and rate at which the signal increases is however depicted by the linear fit's slope. The slopes for the cold white, warm white, red, green, and blue C-V graphs were 0.0015, 0.0004, 0.0022, 0.0015, and 0.0011 respectively. The red LED strip had the highest signal increment per unit mAs, i.e., 0.0022 mV per unit increase in mAs. Conversely, the warm white had the lowest signal increment per unit mAs, i.e., 0.0004 mV per unit increase in mAs.
In all LED strip colors tested, a threshold effect was observed for all tube current values below 20 mAs. No signal is observed for these tube current-time product values (as illustrated in Figure 4 ). The tube current-time product (mAs) is correlated to the quantity of thermionically emitted electrons in the x-ray tube [42] . This corresponds to the number of x-ray photons in the x-ray beam i.e., x-ray beam population. In our study, maintaining a constant kVp (incident photon energy) while varying the mAs (number of photons) produced more linear signals. Therefore, the LED strip C-V response was more sensitive and linear to the number of photons in the x-ray beam (mAs). In other words, the charge drift in LED strip PN junctions was linear to the number of photons in the x-ray beam. The charge drift's linear dependency on x-ray beam photon number thus implies a specific quantity of x-ray photons correspondingly excites a discrete number of electrons resulting in a fixed amount of radiation-induced C-V signal. The threshold effect observed across the LED strips could further imply the minimum quantity of x-ray photons that has to be present in the x-ray beams before charge drift/electron excitation takes place. Tugwell's findings [51] coincide with ours since our output signal was linear to the tube current (mAs); thus, radiation dose is linear to the tube current (mAs) and tube potential (kVp) [52, 53] .
C-V Response to SID
The LED strip C-V signals predominantly decreased due to an increase in the SID. Increasing the SID from 30-100 cm corresponded to a signal reduction of the cold white, warm white, red, and green LED strips. However, the blue LED strip signal fluctuated and slightly increased as a result of increasing the SID. The signal decrease for the cold white, warm white, red, and green LED strips obeyed the inverse square law. This was because the signal data points conformed to exponential decay fits. The cold white, warm white, red, and green LED strips' R-squared values were 0.9946, 0.8367, 0.8935, and 0.7524 respectively.
Air consists of nitrogen, oxygen, argon, carbon dioxide, and other gases. This implies that air contains charged particles like electrons in the gaseous atoms and molecules. Therefore, when x-rays travel through the air, interactions like Compton scattering and the photoelectric effect may occur, and this would reduce the beam's final/total energy. Therefore, increasing the SID implies increasing the volume of the gaseous/charged particles interacting with the beam. From Figure 5 , it is evident that the C-V signal is an exponential function of SID. This exponential function conforms to the inverse square law (1/r 2 ). In other terms, the C-V signal varies as an inverse square of the SID. On average, shorter SIDs yielded higher signals than longer SIDs for all LED strip colors. At shorter SIDs, photons lose less energy along their trajectories (from the x-ray beam source point to the LED strip active area) and hence deposit higher energy to the electrons-resulting in a high C-V signal. On the contrary, photons lose most of their energy to charges in air (during longer SID trajectories) hence low C-V signals. Similarly, Tugwell [51] observed a negative correlation between dose and SID. The effective and entrance surface doses reduced with an increment in the SID [51] .
C-V Response to Dose
There was a high linear correlation between all the LED strip C-V signals and dose. The C-V signals were collected during varied mAs whilst maintaining constant kVp and SID values. This setting was in correspondence with the standard linearity quality control test protocol. C-V signal data points highly conformed to the linear fits based on the R-square values. The cold white, warm white, red, green, and blue LED strip determination coefficients (R-squared values) were 0.9693, 0.6132, 0.9773, 0.9470, and 0.8234 respectively. Sensitivity coefficients for the cold white, warm white, red, green, and blue LED strips were 0.0123, 0.0038, 0.0181, 0.0133 and 0.0095 mV/mGy respectively. Therefore, as in Figure 6 , the red LED strip had the highest sensitivity to dose. On the other hand, warm white had the least sensitivity to dose.
1 Figure 5 . The C-V responses of cold white, warm white, red, green, and blue LED strips to the SID parameter alteration.
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Consistency of C-V Response
Three signal readings were taken to investigate the consistency of the C-V signal reading for all the five strips tested in this study. These signals were consecutive, and they were recorded at the same mAs value as seen in Figure 7 . Consistent signals were obtained at 50, 85, 100, 125, and 250 mAs for the cold white strip; 100, 125, 250 mAs for the warm white strip; 20, 25, and 125 mAs for the Similar to Paschoal's study [5] , where the photodiode and phototransistor dosimetric parameter (collected charge) was evaluated for its linearity to dose, the C-V response linearity to absorbed dose was assessed. Absorbed dose is the energy deposited in a unit of mass by ionizing radiation (J/kg-Gy). LED strip C-V signal linearity to absorbed dose thus implies x-ray beam photons imparted their energy in the active area region of the LED strips. Consequently, energy linearly lost by the x-ray photons to the PN junction electrons induced charge drifts and eventually C-V signals.
LED strips are a promising dosimetric tool because their signal increases in accordance with the absorbed dose of ionizing radiation measured by a standard dosimeter. Standard electronic dosimeters similarly produce electronic signals that are converted (calibrated) and displayed to inform of radiation dose in the dosimeter reader unit.
Three signal readings were taken to investigate the consistency of the C-V signal reading for all the five strips tested in this study. These signals were consecutive, and they were recorded at the same mAs value as seen in Figure 7 . Consistent signals were obtained at 50, 85, 100, 125, and 250 mAs for the cold white strip; 100, 125, 250 mAs for the warm white strip; 20, 25, and 125 mAs for the red strip; 85, 100, 150 and 200 mAs for the green strip; and 150 and 250 mAs for the blue strip. Therefore, the cold white strip had the highest number of consistent signals at different mAs values: 50, 85, 100, 125, and 250, a total of five. On the other hand, the blue LED's signals were consistent at only two mAs values: 150 and 250. In some readings, there was no signal detected hence one or two bars are observed.
The slight signal fluctuations observed in Figure 7 could be attributed to radiation-induced trapping effects [27] . Signal 1 could be low due to electrons being immobile in deep traps, and signals 2 and 3 could be high due to excitation of electrons out of the deep traps. Deep traps are located between valence and conduction energy bands [1, 27] . PN junction localized electrons may be propelled into these deep traps after absorbing a high amount of energy from the x-ray photons. As a consequence of charge trapping, charges are immobile hence lower radiation-induced excitations. However, absorption of x-ray photon energy by the trapped charge could free them from being interlocked in deep traps. Thus, higher signals would be observed in subsequent C-V response measurements. This phenomenon could, therefore, be a possible explanation for the slight signal fluctuations observed in Figure 7 .
Connecting a higher operating current to the LEDs for luminescence could be an annealing technique that would improve this signal fluctuation effect [34] .
Three signal readings were taken to investigate the consistency of the C-V signal reading for all the five strips tested in this study. These signals were consecutive, and they were recorded at the same mAs value as seen in Figure 7 . Consistent signals were obtained at 50, 85, 100, 125, and 250 mAs for the cold white strip; 100, 125, 250 mAs for the warm white strip; 20, 25, and 125 mAs for the red strip; 85, 100, 150 and 200 mAs for the green strip; and 150 and 250 mAs for the blue strip. Therefore, the cold white strip had the highest number of consistent signals at different mAs values: 50, 85, 100, 125, and 250, a total of five. On the other hand, the blue LED's signals were consistent at only two mAs values: 150 and 250. In some readings, there was no signal detected hence one or two bars are observed. The slight signal fluctuations observed in Figure 7 could be attributed to radiation-induced trapping effects [27] . Signal 1 could be low due to electrons being immobile in deep traps, and signals 2 and 3 could be high due to excitation of electrons out of the deep traps. Deep traps are located between valence and conduction energy bands [1, 27] . PN junction localized electrons may be propelled into these deep traps after absorbing a high amount of energy from the x-ray photons. As a consequence of charge trapping, charges are immobile hence lower radiation-induced excitations. However, absorption of x-ray photon energy by the trapped charge could free them from being interlocked in deep traps. Thus, higher signals would be observed in subsequent C-V response measurements. This phenomenon could, therefore, be a possible explanation for the slight signal fluctuations observed in Figure 7 . Connecting a higher operating current to the LEDs for luminescence could be an annealing technique that would improve this signal fluctuation effect [34] .
Degradation of C-V Response
Slight degradations in the C-V response for the cold white LED strip was observed at mAs values of 125, 150, and 250. There was also warm white LED strip signal decrease during the 85, 100, and 125 mAs exposures. The red LED strip signal also decreased when the mAs values were 20, 25, 50, 85, 100, 125, 150, 200, and 250. However, minimal signal depletions were observed during the 200 and 250 mAs exposure settings for both the green and blue LED strips as observed in Figure 8 . The 
Slight degradations in the C-V response for the cold white LED strip was observed at mAs values of 125, 150, and 250. There was also warm white LED strip signal decrease during the 85, 100, and 125 mAs exposures. The red LED strip signal also decreased when the mAs values were 20, 25, 50, 85, 100, 125, 150, 200, and 250. However, minimal signal depletions were observed during the 200 and 250 mAs exposure settings for both the green and blue LED strips as observed in Figure 8 . The cold white LED strip's signal stability was observed at three mAs values: 50, 85, and 100. Similarly, the green LED strip signal was steady during the 85 and 125 mAs exposure settings. The warm white LED strip signal stability was only during the 250 mAs setting. Contrarily, the red and blue LED strip signals were unstable for all the tested mAs settings. Therefore, overall, the cold white LED strip had the highest number of steady and smallest number of degraded signals at different mAs exposure settings. Nevertheless, the red LED strip had the least stable and most degraded signals. Therefore, the cold white LED strip is preferred since output signal stability is an essential factor for a prospective radiation detector [5] .
LED strip signal stability was only during the 250 mAs setting. Contrarily, the red and blue LED strip signals were unstable for all the tested mAs settings. Therefore, overall, the cold white LED strip had the highest number of steady and smallest number of degraded signals at different mAs exposure settings. Nevertheless, the red LED strip had the least stable and most degraded signals. Therefore, the cold white LED strip is preferred since output signal stability is an essential factor for a prospective radiation detector [5] . Bombardments during Compton scattering and photoelectric effects could displace charge (electrons) from their original lattice structural locations [26, 54] . This results in the absence of electrons in their normal lattice positions (vacancies) and electrons occupying lattice positions where they are not meant to be (interstitials) [54] . When an x-ray photon deposits its energy to a vacancy or an interstitial, low/no charge excitation will occur thus low/no C-V signals. Therefore, LED strip C-V signal decrease was perhaps a result of these radiation-induced displacement effects. Post-irradiation signal degradation was also observed in other studies [10, 30] . In these studies, LEDs and photodiodes were used. A possible solution to output degradation would be annealing the LEDs to "flush out" the vacancies and interstitials. During the annealing process, both the vacancies Bombardments during Compton scattering and photoelectric effects could displace charge (electrons) from their original lattice structural locations [26, 54] . This results in the absence of electrons in their normal lattice positions (vacancies) and electrons occupying lattice positions where they are not meant to be (interstitials) [54] . When an x-ray photon deposits its energy to a vacancy or an interstitial, low/no charge excitation will occur thus low/no C-V signals. Therefore, LED strip C-V signal decrease was perhaps a result of these radiation-induced displacement effects. Post-irradiation signal degradation was also observed in other studies [10, 30] . In these studies, LEDs and photodiodes were used. A possible solution to output degradation would be annealing the LEDs to "flush out" the vacancies and interstitials. During the annealing process, both the vacancies and interstitials recombine as suggested by Beringer [34] .
Determination of the Optimum LED Strip Colour
In Table 3 , the LED strip color with the best C-V response results was examined based on the individual color rankings for each investigated parameter. For instance, the red LED strip was ranked first in the C-V response to dose because its signal had the highest linearity to dose. Cold white emerged with the lowest cumulative rank, i.e., 10/30, and hence ranked first. On the other hand, blue was ranked last because it had a cumulative rank of 25/30. Therefore, cold white was nominated for the reproducibility test. 3.8. Reproducibility Using Cold White LED Strip Figure 9 includes graphical illustrations of the C-V signal dependency on kVp, mAs, SID, and dose for the cold white LED strip in the reproducibility examination. The C-V signal had a high linear dependency on the peak kilovoltage, all the data points were on the regression line. Therefore, there was a 99.76% linearity correspondence between the signal and the tube voltage. A signal increase of 0.0034 mV was observed per unit increase in the kVp.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 18 Figure 9 includes graphical illustrations of the C-V signal dependency on kVp, mAs, SID, and dose for the cold white LED strip in the reproducibility examination. The C-V signal had a high linear dependency on the peak kilovoltage, all the data points were on the regression line. Therefore, there was a 99.76% linearity correspondence between the signal and the tube voltage. A signal increase of 0.0034 mV was observed per unit increase in the kVp.
Reproducibility Using Cold White LED Strip
Similarly, the cold white C-V strip signal response to the current-time product (mAs) variation was remarkably linear: The R-squared values were 0.9713 and 0.9928 for SIDs of 60 and 30 cm respectively. Further, the linear fit for the C-V signal obtained at 30 cm SID had a higher increase in magnitude per unit increase in mAs-in comparison to the C-V signal obtained at 60 cm SID. The C-V signal as a function of SID was in the form of an exponential decay with a determinant coefficient of 0.9975. The C-V signal, in other words, decreased as a reverse square of the SID. The strip's C-V signal was also appreciably linearly dose-dependent with R-squared values of 0.9715 at 60 cm SID and 0.9879 at 30 cm SID. LED strip sensitivity to dose was highly independent of SID variation, i.e., the sensitivities at 60 cm SID (0.0126 mV/mGy), and 30 cm SID (0.0107 mV/mGy) had a 15 % disparity. In other words, LED sensitivity was 85 % similar at the 60 cm and 30 cm SIDs. Additionally, the strip's signal was consistent; consecutively measured signals 1, 2, and 3 were equivalent at 50, 150, and 200 mAs settings. Signal degradation due to radiation exposure was trivial for the 85, 125, and 250 mAs exposure setting. No signal degradation was observed for the 50, 100, and 150 mAs values.
In the reproducibility investigation, the cold white LED strip was preferred because its C-V response to dose was outstanding among the tested LED strip colors. Further, the C-V signal was substantially reproducible, the least degraded, and the most consistent in comparison to other tested colors. The cold white C-V signal response to kVp, mAs and SID was also steady when compared to other LED strips colors. Likewise, in a study by Oliveira [6] that evaluated four commercial photodiodes for radiology dosimetry, the BPW34 photodiode was nominated to execute radiation-induced current measurements based on its reproducibility and repeatability.
It is observed that graphs from Subsection 3.1 through 3.8 have noticeable statistical errors. This could be on account of the stability of the x-ray tube and LED chips, and the thickness of the depletion region (LED active area). Owing to variation of photon fluence striking the LED active area (under different SIDs) and the random interaction of x-ray photons, it remains questionable whether all the incident x-ray photons deposited within the depletion region create electrons which are then detected as C-V signals. This could also be a possible source of statistical errors in the graphs.
(a) (b) 
Conclusions
This work explored diagnostic x-ray-induced signals in the form of C-V response using LED strips. This was because SMD LEDs are flexible, low-cost, and commercially available. Cold white, warm white, red, green, and blue LED strip colors were benchmarked and ranked according to the C-V signal response to kVp, mAs, SID, and dose. Further, desirable dosimetric characteristics such as high reproducibility and low degradation due to radiation exposures were evaluated. Results suggested cold white as the most feasible color for diagnostic x-ray radiation detection and measurement. However, LEDs have low sensitivity towards diagnostic x-rays thus the obtained C-V signal was of low magnitude (0-1.1 mV). Therefore, future studies could focus on LED C-V signal amplification. LED annealing techniques (by luminescence) could also be applied to reduce the slight signal degradation and C-V signal fluctuation effects. In our study, cold white LED strips demonstrated the potential to detecting low dose (~0-100 mGy) diagnostic x-rays. Similarly, the cold white C-V strip signal response to the current-time product (mAs) variation was remarkably linear: The R-squared values were 0.9713 and 0.9928 for SIDs of 60 and 30 cm respectively. Further, the linear fit for the C-V signal obtained at 30 cm SID had a higher increase in magnitude per unit increase in mAs-in comparison to the C-V signal obtained at 60 cm SID. The C-V signal as a function of SID was in the form of an exponential decay with a determinant coefficient of 0.9975. The C-V signal, in other words, decreased as a reverse square of the SID. The strip's C-V signal was also appreciably linearly dose-dependent with R-squared values of 0.9715 at 60 cm SID and 0.9879 at 30 cm SID. LED strip sensitivity to dose was highly independent of SID variation, i.e., the sensitivities at 60 cm SID (0.0126 mV/mGy), and 30 cm SID (0.0107 mV/mGy) had a 15 % disparity. In other words, LED sensitivity was 85 % similar at the 60 cm and 30 cm SIDs. Additionally, the strip's signal was consistent; consecutively measured signals 1, 2, and 3 were equivalent at 50, 150, and 200 mAs settings. Signal degradation due to radiation exposure was trivial for the 85, 125, and 250 mAs exposure setting. No signal degradation was observed for the 50, 100, and 150 mAs values.
It is observed that graphs from Section 3.1 through 3.8 have noticeable statistical errors. This could be on account of the stability of the x-ray tube and LED chips, and the thickness of the depletion region (LED active area). Owing to variation of photon fluence striking the LED active area (under different SIDs) and the random interaction of x-ray photons, it remains questionable whether all the incident x-ray photons deposited within the depletion region create electrons which are then detected as C-V signals. This could also be a possible source of statistical errors in the graphs.
This work explored diagnostic x-ray-induced signals in the form of C-V response using LED strips. This was because SMD LEDs are flexible, low-cost, and commercially available. Cold white, warm white, red, green, and blue LED strip colors were benchmarked and ranked according to the C-V signal response to kVp, mAs, SID, and dose. Further, desirable dosimetric characteristics such as high reproducibility and low degradation due to radiation exposures were evaluated. Results suggested cold white as the most feasible color for diagnostic x-ray radiation detection and measurement. However, LEDs have low sensitivity towards diagnostic x-rays thus the obtained C-V signal was of low magnitude (0-1.1 mV). Therefore, future studies could focus on LED C-V signal amplification. LED annealing techniques (by luminescence) could also be applied to reduce the slight signal degradation and C-V signal fluctuation effects. In our study, cold white LED strips demonstrated the potential to detecting low dose (~0-100 mGy) diagnostic x-rays. 
